Abstract. Early in the study of cuprate grain boundary junctions (GBJs) it was observed that the junctions' characteristic voltage (I c R n ) tended to scale, at least approximately, as J 1/2 c . To re-examine the cause of this effect we have measured I c R n as a function of the more complete GBJ oxygenation that can be achieved by ozone annealing and electromigration. While these enhanced oxidation techniques can increase J c by up to a factor of 10, I c R n remains saturated at ∼1.2 mV (at 4.2 K) for 24
Introduction
The enhanced partial pressure of atomic oxygen provided by ozone and the local modification of oxygen content and order afforded by electromigration (EM) are used to achieve a greater level of oxygenation in crystallographically strained YBCO than that which is routinely obtained through standard ∼500
• C, 1 atm O 2 , post-fabrication anneals. As discussed below, by performing ozone anneals and EM experiments on HTSC grain boundary junction (GBJ) structures we are able to observe the more intrinsic nature of the weak link present in a particular device architecture without the added complication of the oxygen disorder and loss which is often a secondary effect of fabrication procedures.
Ozone annealing
GBJs were fabricated at Conductus Inc. The fabrication procedure is provided elsewhere [1] . Current-voltage (I-V) characteristics were collected before and after various annealing treatments including ozone annealing and EM experiments. During anneals, samples were mounted with silver paste to a Haynes 214 alloy block which was heated by an enclosed halogen lamp. For O 2 and Ar anneals, the § Present address: NIST, Boulder, CO, USA. chamber was pumped down to ∼5×10 −6 Torr and backfilled to slightly over 1 atm. For O 2 -O 3 anneals, O 2 was flowed through a commercial ozone generator creating an O 2 -O 3 mix with ∼2% O 3 , by weight. The O 2 -O 3 mixture than flowed through the annealing chamber at slightly greater than 1 atm. On cool-down, the flow was maintained until the sample was near room temperature.
Electromigration
In previous work it has been shown that EM can be used to significantly improve the basal plane oxygen content and order of well-annealed YBCO microstructures [2] . EM consists of the application of an electrical bias with a current density of 1-5 MA cm −2 to a thin film microstructure. This process is conducted in 1 atm of He and at room temperature, although there is some Ohmic heating of the microstructure. The current bias induces long-range migration of the positively charged oxygen vacancies towards the negative electrode. This is possible because the chain oxygen is relatively mobile, presumably because of the normally vacant off-chain or O(5) site in the a-axis direction of the crystal lattice. Once an oxygen atom is thermally excited to the O(5) site, the local electric field will bias it to diffuse towards a vacancy closer to the positive electrode. When such a bias is applied to a cuprate superconductor microstructure J P Sydow et al Figure 1 . I -V characteristics at 4.2 K for a GBJ before and after ozone annealing at 500
• C for 1.5 h. for a sufficient period of time, oxygen vacancies collect in the negative electrode. This resultant build-up of oxygen vacancies is demonstrated by the more reflective, or whiter, material which has the visual appearance of a plume shape at the end of a microstructure. The electric field and current densities decrease in the plume, resulting in the redeposition of vacancies, similar to the re-deposition of silt in a river delta. In practice, EM experiments of this type are generally performed under constant current, while device resistance is monitored as a function of time.
Modification of oxygen in grain boundary junctions
The typical effect of ozone annealing on the I -V characteristic for a GBJ at 4.2 K (5 µm wide, ∼200 nm thick, misorientation angle ∼24 • ) is demonstrated in figure 1 . I c increased from 0.80 mA to 1.78 mA while R n decreased Figure 3 . I c R n versus temperature for a single GBJ following a series of anneals. O 2 and O 2 -O 3 anneal were conducted for 1.5 h while argon anneals were lengthened to 3 h. from 1.63 to 0.57 for a net decrease in I c R n product from 1.31 to 0.02 mV. The general similarity of I c R n products in spite of the more dramatic change in I c and R n is clarified in figure 2 which portrays scaled I -V characteristics for the same data. The scaled data agree before and after ozone annealing. We attribute this to the fact that the GBJ consists of at least two components: a relatively immutable, thin barrier layer closely associated with the physical grain boundary, together with regions of inhomogenously de-oxygenated YBCO immediately on either side of the grain boundary. The barrier layer determines the 'intrinsic' RSJ behaviour of the junction, particularly I c R n , which is not substantially altered by ozone annealing. On the other hand the de-oxygenated electrodes can be substantially improved by ozone annealing, which impacts I c and R n through variation in the effective area of superconducting material that contacts the barrier but does not alter I c R n of the grain boundary barrier. Consistent with this model is the fact that the temperature dependence of the characteristic voltage of the GBJ is not significantly affected by ozone annealing. This is demonstrated by figure 3 which portrays I c R n versus temperature after a series of anneals and which shows that I c R n is relatively constant across the entire temperature range before and after ozone annealing. I c R n only begins to decrease with the substantial amount of oxygen loss inducted by the 250 and 300
• C Ar anneals. Following these Ar anneals the I c values have substantially decreased to 116 and 33 µA respectively.
The constancy of the I c R n product across a broad range of values of J c is portrayed in figure 4 for a number of 24
• GBJs. The scaling of I c R n with J c in the lower J c region, which we obtain following Ar annealing, has been observed in previous investigations and has been attributed to a variety of mechanisms [1, [3] [4] [5] . The newly observed plateau behaviour for I c R n in the case of nearly optimally and perhaps optimally oxygenated devices can be explained by the limiting effect of the intrinsic barrier in the immediate vicinity of the grain boundary, which is not altered by ozone annealing. The effect of ozone annealing is to increase the amount of completely oxygenated YBCO material adjacent to the grain boundary, and thus increase the effective junction area, which increases I c and decreases R n while holding I c R n constant. When the electrodes are progressively de-oxygenated with Ar anneals at progressively higher temperatures, first the area of fully oxygenated material adjacent to the grain boundary barrier diminishes. This reduces I c and increases R n while I c R n remains constant. When none of the YBCO material adjacent to the barrier is well oxygenated, the effective T c and I c R n of the junction begin to decrease as the volume of oxygen-deficient YBCO spreads outward from the grain boundary in a non-uniform manner.
It is important to note that 1-10 µm wide GBJs have shown similar plateau behaviour when oxygenated by ozone annealing and EM. The independence of junction width on the plateau discounts explanations involving the wide junction limit and I c suppression due to flux flow. Figure 2 also demonstrates that there is only a marginal increase, if any, in excess current with ozone annealing.
Further evidence for the connection between oxygen microstructure in the vicinity of the crystallographic grain boundary and the power law scaling, and eventual plateau, of I c R n as a function of J c is provided by the EM results presented in figure 5 . I -V characteristics were collected before and after a series of EM experiments with an applied current bias ranging from 0.33 to 1.33 MA cm −2 . As with ozone annealing, the primary observable effect of EM is to increase I c and decrease R n . Again we observe a plateau in the I c R n product, this time at ∼1500 µV. The slightly greater plateau value may be attributed to the lower temperature range of the EM process compared with the thermal anneals. It is possible that a slightly greater level of localized oxygenation can be achieved immediately adjacent to the grain boundary barrier with the EM conducted at room temperature compared with what can be achieved with 500
• C ozone anneals concluded with a non-equilibrium cooling step.
Discussion and conclusions
Two different techniques, thermal ozone anneals and EM, have been used to increase oxygen content and order within several sets of GBJs. Once optimally, or nearly optimally, oxygenated, these devices continue to demonstrate RSJlike behaviour. Access to this highly oxygenated regime enables the observation of more intrinsic GBJ behaviour. The previously observed scaling of I c R n with J c can now be accurately attributed to variations in oxygen content and order in the vicinity of the crystallographic grain boundary. In the highly oxygenated regime afforded by ozone annealing and EM I c R n remains constant as J c increases. The consistency of the I c R n product is attributed to a model in which the effective area of the junction is increased as the oxygen content is increased. In this model, a greater number of optimally oxygenated regions of the YBCO electrodes make contact with an intrinsic barrier localized at the crystallographic grain boundary [6] . An increase in such filamentary contacts leads to a greater effective area, a greater value of J c , but constantly I c R n product.
The similarity of figures 4 and 5 despite the dissimilarity of the oxygenation techniques used to obtain these results provides further evidence for the importance of oxygen content and order in stressed YBCO systems, such as GBJs. Both techniques are useful tools for device development and intrinsic scientific investigation. Each approach provides access to a greatly extended power of the oxygen phase diagram, allowing a more accurate understanding of the fundamental nature of HTS systems.
